Increasing appearance of antibiotic-resistant pathogens, which could be one of the major causes of respiratory tract infections, has again drawn attention to natural substances and alternative treatments. Therefore, the aim of the present study was the antibacterial evaluation of cinnamon bark, clove, thyme, citronella, peppermint, Scots pine, and eucalyptus essential oils (EOs) against respiratory tract pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa with in vitro vapor phase (VP) and tube dilution (TD) techniques. The chemical and percentage compositions of the EOs were determined by GC-FID and GC-MS analysis. Among the EOs, cinnamon bark was the most effective against all the investigated pathogens (MIC: 31.25-125 µL/L) in the VP assay, but clove oil presented the best inhibition against MRSA in liquid medium (MIC: 0.1 mg/mL). Thyme oil also showed antibacterial activity against MRSA and the antibiotic-sensitive strain of P. aeruginosa in both methods. In higher concentration, we found that peppermint oil was effective only in vapor form; contrarily, eucalyptus oil was more efficient in liquid medium. Surprisingly, Scots pine did not show any activity in our test systems. These results suggest that EOs could be promising solutions for the problem of antibiotic resistance due to their multiple composition and complex mode of action. However, more in vivo studies are necessary to calculate the effective dose of EOs in patients and determine their possible side effects and toxicity.
Among antibiotic-resistant bacteria causing severe respiratory infections, this study focuses only on methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa. MRSA is a Gram-positive healthcare-associated pathogen causing tonsillitis and pneumonia, mainly in immunodeficient patients [3] . MRSA shows resistance to all β-lactam antibiotics, except the fifth generation cephalosporin, ceftobiprole, due to its mutant penicillinbinding protein (PBP2A) encoded by the mecA gene [4] . Furthermore, the increased application of vancomycin has led to the appearance of vancomycin-resistant strains [5] . The Gram-negative P. aeruginosa is one of the major causes of hospital-acquired pneumonia. Unfortunately, the fast expanding multifactorial resistance of this pathogen to antipseudomonal drugs highly influences the success of the therapy [6] .
The antimicrobial potential of essential oils (EOs) has already been studied by several in vitro techniques, but these methods usually investigate the antimicrobial activity of the EOs only in liquid media instead of vapor phase (VP) [7] . The main disadvantage of these assays includes the application of emulsifiers, and different parameters [8] . Some EOs have traditionally been used for the treatment of common cold, cough or airway inflammation [9] . In the case of RTIs, the vapor of EOs can simply pass into the airway and comes into direct contact with the infected surface [1] . Therefore, it would be more reasonable to investigate the antimicrobial effect of EOs in the vapor phase.
Several studies have demonstrated the better antimicrobial effect of EOs in vapor form than in liquid phase against several respiratory tract microorganisms [10a-c] . Scientists suggest that the complex composition of EOs may be responsible for the fact that bacteria hardly develop resistance against them [8] . For the in vitro assessment of antimicrobial efficacy of EO vapors, three screening methods are most frequently used nowadays. Two of them are cost-effective modified disc diffusion methods in which a more uniform VP develops [11a-b, 12] . In the third method, the Petri dishes are placed into a large closed chamber where the EO and the pathogens are positioned separately [10a] . Unfortunately, there is no standardized in vitro VP method nowadays, and the comparison of the results of different studies is very difficult or even impossible.
Therefore, the aim of the present study was to evaluate the antibacterial effect of EOs of cinnamon bark, clove, eucalyptus, Scots pine, peppermint, citronella, and thyme with in vitro tube dilution (TD) and VP techniques against pathogens responsible for nosocomial RTIs.
Chemical analyses of EOs were performed by GC-FID and GC-MS techniques. Identified compounds and percentage evaluation of the oils are shown in Table 1 . In all samples, the amount of the detected components was above 96%. In accordance with the literature, the main components of cinnamon bark oil, citronella, and clove were trans-cinnamaldehyde (74.0%), citronellal (36.2%), and eugenol (88.6%), respectively. Eucalyptus oil contained 1,8-cineole (84.8%). In the EOs of peppermint, Scots pine, and thyme, menthol (50.4%), α-pinene (39.4%), and thymol (46.3%) were presented, respectively. Besides the major constituents of the EOs, previously reported antibacterial agents such as p-cymene, limonene, carvacrol, β-caryophyllene, α-terpineol, and geraniol were also detected, but in lower concentrations [8, 9] .
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In the microbiological tests, we examined MRSA and two strains of P. aeruginosa as potential respiratory tract pathogens. The antimicrobial susceptibility of these bacteria was preliminary confirmed by the disc diffusion method (data not shown). One of the P. aeruginosa strains (later referred to as resistant strain) was resistant to imipenem and ciprofloxacin, but was sensitive to gentamicin and polymyxin B; the other one (later referred to as sensitive strain) was sensitive to all tested antibiotics. Gentamicin and vancomycin were effective against MRSA.
With the TD method, we were able to observe the direct inhibitory effect of the EOs in liquid medium, while application of the VP method allowed us to detect the antimicrobial potency of volatile components exclusively. The antibacterial effects of EOs are summarized in Tables 2 and 3 . In the TD method, the EOs of cinnamon bark, thyme, clove, citronella, and eucalyptus presented activity against MRSA, with minimum inhibitory concentration (MIC) values in the range of 0.1-5.6 mg/mL ( Table 2. ). Among them, clove oil was the most active; thyme and cinnamon bark oils showed similar activity. Unfortunately, peppermint and Scots pine oils had only bacteriostatic effects, i.e., at the highest concentration a: resistant strain, b: sensitive strain, MIC: minimum inhibitory concentration (in mg/mL), MBC: minimum bactericidal concentration (in mg/mL). of the EOs used in our study, we could not observe total inhibition of the visible growth of any test bacteria. Against the sensitive strain of P. aeruginosa, the same EOs showed visible inhibition, except for citronella that showed moderate activity, similar to those of Scots pine and peppermint oils. Only cinnamon bark oil inhibited the growth of the resistant P. aeruginosa (MIC: 0.4 mg/mL). In comparison, the most active oils produced higher MIC values than the reference antibiotics (Tables 2 and 4 ). Polysorbate 80, used as the emulsifier control, did not show any activity against any of the tested bacteria.
The MIC values obtained from the VP technique were determined considering the amount of EOs (µL) and referring to the free airspace (L) in the Petri dish (Table 3) . Similarly to the TD method, the EO vapor of cinnamon bark, clove, thyme, and citronella effectively inhibited the growth of MRSA; the MIC values were in the range of 31.25-375 µL/L. Cinnamon bark oil produced the lowest MIC value (31.25 μL/L) against this pathogen. In the case of the sensitive strain of P. aeruginosa, the EOs of thyme and cinnamon bark were equally active (MIC: 31.25 µL/L). The total inhibition of the growth of the resistant P. aeruginosa required a higher dose of cinnamon bark oil (MIC: 125 µL/L). In higher concentration, peppermint oil showed activity against MRSA (MIC: 375 µL/L), in contrast with the result of the TD, where no antibacterial effect was detected. Eucalyptus oil did not present inhibition against any test bacteria even in a 1500 µL/L concentration, which also differs from the results of the TD method. These findings suggest that clove and eucalyptus oils could be more potent antibacterial agents in liquid form; however, cinnamon bark and peppermint oils should be used via inhalation for medical treatment. In addition, the blank filter papers and the solvent of EOs did not influence the bacterial growth. Contrary to our findings, several studies have not detected any activity of thyme and cinnamon bark oils in VP against the sensitive strain of P. In our study, we successfully optimized an in vitro system where the antibacterial activity of EO vapors could be evaluated directly. We conclude that the EOs of cinnamon bark, clove, citronella, peppermint and thyme have significant antibacterial effect in vapor form against at least one respiratory tract pathogen involved in this study. The vapor of cinnamon bark EO showed the strongest inhibition of MRSA and the resistant strain of P. aeruginosa. We assume that the antibacterial activity of EOs is related to their main component, but further experiments are needed to confirm this hypothesis. Although, the exact mode of action of EOs and their components is not clearly understood as yet, it was previously reported that cinnamaldehyde could disrupt the structure of bacterial cells and alter the energy metabolism [8] . Therefore, we suggest that the above mentioned oils, especially via inhalation, may support the antimicrobial therapy in the case of RTIs. Moreover, EOs usually have additional effects, e.g. antifungal, antiviral, anti-inflammatory, and immune modulator properties which make them more valuable agents either alone or in combination with other substances [9] . Unfortunately, Scots pine and eucalyptus oils did not show significant activity in our VP system. In TD, we found that cinnamon, thyme and citronella EOs were active against MRSA, which correlates with our results obtained with the VP method. Clove and eucalyptus oils showed better inhibition in liquid medium than in VP, whereas peppermint oil was more effective in vapor form. Pereira et al. also highlighted the therapeutic potency of eucalyptus oil in liquid medium against several clinical isolates of P. aeruginosa [15] . In comparison with our results, Tyagi and Malik also reported antibacterial potential of eucalyptus oil against P. aeruginosa measured by TD assay; however, the determined MIC values and the applied EO concentrations were much higher than ours [14] . Contrary to our results, they reported that peppermint was an active substance against this pathogen in both vapor and liquid form [16] . On the whole, we observed that the Gram-negative strains were less sensitive to the EOs than the Gram-positive MRSA in both in vitro methods, which correlates well with a previously published result [10c].
Essential oil vapors against respiratory tract pathogens
Considering our VP results, we also suggest that cinnamon, clove, thyme, citronella, and peppermint oils could be effective air disinfectants, especially in healthcare environments such as nursing homes, ambulances, and surgeries. We also suppose that the constant evaporation of EOs is necessary to achieve their antimicrobial activity in airspace. Therefore, development of stateof-the-art devices is also desirable. Finally, in vivo and clinical studies are also required to calculate the effective doses of EOs and to determine the possibility of EOs' side effects and toxicity. 
Gas chromatographic analysis:
The chemical composition of the EOs was determined by gas chromatography (GC) coupled with a mass selective detector (MSD). A flame ionization detector (FID) was also used to evaluate the percentage composition of the EOs.
GC-MS conditions:
The analyses were carried out with an Agilent 6890N/5973N GC-MSD (Santa Clara, CA, USA) system equipped with an Agilent SLB-5MS capillary column (30 m × 250 µm × 0.25 µm). The GC oven temperature was programmed to increase from 60ºC (3 min isothermal) to 250ºC at 8ºC/min (1 min isothermal). High purity helium as a carrier gas was used at 1.0 mL/min (37 cm/s) in constant flow mode. The injector temperature was 250°C and the split ratio was 1:50. The MSD was equipped with a quadrupole mass analyzer and operated in electron ionization mode at 70 eV in full scan mode (41-500 amu at 3.2 scan/s). The data were evaluated using MSD ChemStation D.02.00.275 software (Agilent). The identification of the compounds was carried out by comparing retention times and recorded spectra with the data of authentic standards, and the NIST 2.0 library was also used.
GC-FID conditions:
The analyses were made using a Fisons GC 8000 gas chromatograph (Carlo Erba, Italy), equipped with a FID. An Rt-β-DEXm (Restek) capillary column, 30 m x 0.25 mm i.d., 0.25 µm film thickness, was used. The carrier gas was nitrogen at 6.8 mL/min flow rate. A 0.2 mL volume of a 0.1% solution of the oil was injected (1 mL EO in 1 mL chloroform). Splitless injection was carried out. The temperatures of the injector and detector were 210°C and 240°C, respectively. The oven temperature was increased at a rate of 8°C/min from 60°C to 230°C, with a final isotherm at 230°C for 5 min. Identification of peaks was made by retention data compared with data obtained by GC-MS and data of standards (Fluka Analytical and Sigma-Aldrich); percentage evaluation was carried out by area normalization. Three parallel measurements were made; RSD percentages were below 4.5%.
Chemicals and antimicrobial assays:
The TD method was used for the detection of antibacterial activity of EOs in liquid medium. Antibiotic susceptibility of bacteria was tested by the disc diffusion method according to the guidelines of the Manual of Clinical Microbiology [17] .
Tube dilution test:
The experiments were carried out according to the Manual of Clinical Microbiology, with some modifications [17] . Due to the hydrophobic character of EOs, emulsions were made for the proper determination of antibacterial activity. In the case of EOs, a serial twofold dilution was prepared from 5.00 to 0.01%. The control tube of the bacterial growth contained neither EO nor detergent. Nutrient broth containing 0.2% of Polysorbate 80 was also used separately as a detergent/emulsifier control. For the dilution series of antibiotics, the emulsifier was not used. Ten µL of an overnight bacterial culture (~ 4 × 10 7 cells/mL) was added to each tube and incubated at 37°C for 24 h. Then, the tubes were plated out on Mueller-Hinton agar and incubated again for 48 h. The number of bacterial colonies was compared with the controls and then the values of the minimum bactericidal concentrations (MBC) and minimum inhibitory concentrations (MIC) were determined. The MBC is the lowest concentration of an antibacterial agent able to inhibit completely the growth of colonies. The MIC value is the concentration that could reduce the visible growth of bacteria in comparison with the controls. All tests were carried out in triplicate.
Vapor phase test:
The in vitro VP tests were based on a previously published study by Kloucek et al., with some changes [11b]. The test system was developed in a 4-section Petri dish (PD, diameter 90 mm, VWR, Debrecen, Hungary) containing 5 mL Mueller-Hinton broth in each section. Contrary to the above mentioned authors, we did not pour any agar into the upper lid of the PD, because it would result in the attachment of the filter paper disc to the agar surface thereby reducing the spread of volatile components into the airspace. All bacteria were grown in Mueller-Hinton broth at 37°C for 24 h before the assay and then inocula were made by dilution in sterile 0.9% saline to 10 5 CFU/mL. Then, 3 sections of the PD were inoculated with 20 µL of the bacterial suspensions. Different strains were spread into each section. The fourth uninoculated compartment was the contamination control. Each EO sample was diluted in absolute ethanol and distributed on the surface of a sterile filter paper (thickness 0.18 mm, Albet-Hahnemühle, Germany) disc 84 mm in diameter. After evaporation of the solvent, the disc was placed on the wall separating the compartments of the PD. Therefore, there was approximately 2 mm distance between the disc and the inoculated agar surface. Finally, PDs were hermetically closed with parafilm adhesive tape (Sigma Aldrich Ltd., Budapest, Hungary) to avoid evaporation of the EO out of the PD and they were incubated at 37°C for 48 h. After incubation, filter papers were removed and MIC values were determined. The MIC is the lowest concentration of an EO (expressed as µL of EO/free atmosphere above the growing microorganism) which can absolutely inhibit the visible growth of the bacteria. Filter paper discs containing ethanol or nothing were used as controls. All tests were carried out in triplicate.
